Introduction
Ankyrin-B (AnkB) is an adaptor protein that targets and tethers to the cytoskeleton select membrane proteins, including the Na + /Ca 2+ exchanger (NCX), 1 -6 the main route for Ca 2+ extrusion in cardiac myocytes, and the Na + /K + pump (NKA). 1 -3,6,7 Loss-of-function mutations in AnkB cause a complex arrhythmogenic phenotype in humans that may include bradycardia, atrial fibrillation, conduction defects, long QT syndrome, and ventricular arrhythmias. 1 -3,8 -10 Several AnkB variants (including E1425G, V1516D, E1813K, L1622I, and R1788W) are associated with stress-induced ventricular tachyarrhythmias and sudden cardiac death. 1 -3,8 However, the mechanisms that link deficient AnkB function to altered electrical signalling in the ventricle are largely unknown. Spontaneous sarcoplasmic reticulum (SR) Ca 2+ release during diastole, or SR Ca 2+ leak, can cause Ca 2+ waves that activate the Na + /Ca 2+ exchanger and thus generate an inward current. This current depolarizes the membrane and, if large enough, triggers a spontaneous action potential.
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When such depolarizations arise simultaneously in a large number of neighbouring myocytes, they cause spontaneous excitation of the entire heart and may trigger ventricular tachyarrhythmias or fibrillation. SR Ca 2+ leak is mediated by ryanodine receptors (RyRs) and occurs either in the form of Ca 2+ sparks, when multiple (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) RyRs within a SR -sarcolemma junction are activated, or as smaller, invisible, events. 12 -14 Using mice heterozygous for a null mutation in AnkB (AnkB +/2 mice), we previously found that AnkB deficiency leads to more frequent pro-arrhythmogenic Ca 2+ sparks and waves during diastole. 15 Despite higher Ca 2+ spark frequency, the total SR Ca 2+ leak was similar in myocytes from AnkB +/2 and wild-type (WT) mice. 15 These results suggest that reduced AnkB function modifies the RyR gating to favour large Ca 2+ release events (i.e. sparks) at the expense of smaller, non-spark releases. Notably, RyR open probability is augmented in AnkB +/2 vs. WT myocytes. 16 We further found that membrane permeabilization with saponin equalizes Ca 2+ spark frequency in AnkB +/2 and WT myocytes, 15 
Methods
Detailed methods are included in the Supplementary material online.
Ventricular myocyte isolation
All animal experiments conform to the NIH guide for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee at University of Kentucky or the Ohio State University. Single ventricular myocytes were enzymatically isolated from hearts of mice heterozygous for AnkB null allele (AnkB +/2 ) and WT littermates as previously described. 15 Briefly, mice were anaesthetized with 3 -5% isoflurane and hearts were excised quickly, mounted on a gravity-driven Langendorff perfusion apparatus and perfused with 1 mg/mL collagenase. When the heart became flaccid (11 -15 min), the tissue was cut into small pieces, dispersed, and filtered, and the myocyte suspension was rinsed several times. A total of 20 AnkB +/2 and 20 WT mice were used for this study. All experiments were done at room temperature (23 -258C). 
Ca 21 spark measurements in intact cardiac myocyte

Protein phosphatase assays
The activity of protein phosphatases 1 (PP1) and 2A (PP2A) was measured with a fluorescence-based assay kit (RediPlate TM EnzChek R serine/threonine phosphatase assay kit, Molecular Probes, USA), according to manufacturer's instructions. Briefly, hearts were homogenized in homogenization buffer containing 150 mM NaCl, 50 mM Tris-HCl, 50 mM NaF, 2% Triton X-100, 0.1% SDS, and 1% (vol/vol) protease inhibitor cocktail (Millipore, Billerica, MA, USA), but no phosphatase inhibitors. For PP1 measurements, 25 mg protein from each sample was diluted in PP1 reaction buffer (optimized with 2 mM DTT and 200 mM MnCl 2 ) to a total volume of 100 mL, and incubated for 30 min in the absence and in the presence of the PP1-specific inhibitor tautomycin (30 nM). For PP2A measurements, 50 mg sample protein was diluted in PP2A reaction buffer (optimized with 1 mM NiCl 2 ) to a total volume of 100 ml, and incubated 30 min with or without the PP2A inhibitor okadaic acid (1 nM). Fluorescence intensity was assayed with a microplate reader using an excitation filter centred at 358 nm and an emission filter at 452 nm. Tautomycin and okadaic acid greatly reduced the fluorescence signal in homogenates from both WT and Ank+/2 hearts (see Supplementary material online, Figure S1 ). For each sample, PP1 and PP2A activities were derived by subtracting the fluorescence intensity in the presence of the inhibitor from the signal obtained in its absence.
Measurement of local Ca 21 concentration in the junctional cleft
Local [Ca 2+ ] Cleft was measured using the GCaMP2.2-FKBP12.6 Ca 2+ sensor as previously described. 17 Isolated mouse cardiomyocytes were plated on laminin-coated cover slips, infected with an adenoviral construct expressing the GCaMP2.2-FKBP12.6 sensor (MOI ¼ 100), and cultured overnight. Membrane staining with Di-8-ANNEPS indicated that mouse myocytes retain the rod shape and the T-tubules network after 24 h in culture (see Supplementary material online, Figure S2 ). GCaMP2.2 fluorescence was recorded with a wide-field fluorescence microscope coupled to a CCD camera (excitation ¼ 490 nm, emission ¼ 540 nm). Two-dimensional images were taken 1 s apart.
Statistical analysis
Statistical differences between groups were determined using the Student's t-test or two-way ANOVA, as appropriate. The data are presented as mean + standard error. Differences were considered statistically significant when P , 0.05. Statistical analysis for single-cell experiments in Figures 2, 3 , and 5 were done at the cell level. Data in Figures 2 and 3 were collected from 3 to 5 myocytes/mouse, while 6 -8 cells/mouse were measured for data in Figure 5 . Since the analysis included a comparable number of myocytes from each mouse, any clustering effects should be minimal.
Results
Ca 21 spark frequency is higher in AnkB
1/2 myocytes due to enhanced CaMKII-dependent phosphorylation of RyRs
We previously demonstrated that RyR gating is altered in myocytes from AnkB +/ 2 mice so that it favours larger Ca 2+ release events Figure 1 RyR phosphorylation at the CaMKII-specific site is increased in hearts from AnkB +/2 mice. (A) Representative immunoblots on heart homogenates from WT and AnkB +/2 mice using antibodies that recognize RyR phosphorylated at the CaMKII (S2814) and PKA (S2808) sites and total RyR.
(B and C) Ratio of phosphorylated-to-total RyR in hearts from AnkB +/2 and WT mice calculated from the relative band intensities. GAPDH was used as loading control. We investigated five hearts/group and immunoblots were repeated four times. Student's t-test was used for statistical analysis. **P , 0.01. (Figure 2A and B; P ¼ 0.002 using two-way ANOVA). Moreover, Ca 2+ spark frequency raised rather steeply with the rate of pre-conditioning pulses in AnkB +/2 myocytes, while it was practically independent of pacing in the WT cells ( Figure 2B and C ). This characteristic was maintained after normalizing to the SR Ca 2+ load (see Supplementary material online, Figure S3 ). This distinct dependence on pre-conditioning may thus be the result of increased diastolic Ca 2+ accumulation, and consequent RyR activation, with higher pacing rates in AnkB +/2 myocytes. The width at half-maximum of Inhibition of CaMKII with KN-93 greatly decreased Ca 2+ spark frequency in myocytes from AnkB +/2 mice (P , 0.0001 using twoway ANOVA) but had little effect in the WT (P ¼ 0.27; Figure 2D and E). KN-92, an inactive derivative of KN-93 that is ineffective at inhibiting CaMKII, did not significantly affect Ca 2+ spark frequency in AnkB +/ 2 myocytes (see Supplementary material online, Figure   S4 ). Figure 2F) . Combined, the findings in Figures 1 and 2 suggest that the higher Ca 2+ spark frequency in AnkB +/2 myocytes is due to enhanced RyR phosphorylation by CaMKII.
Figure 2 CaMKII inhibition greatly reduces
CaMKII-mediated protein hyperphosphorylation in AnkB 1/2 myocytes is a local rather than global effect
Protein phosphorylation is the net result of a delicate balance between the activity of kinases and phosphatases. AnkB is essential for targeting the regulatory subunit B56a of protein phosphatase 2A (PP2A) and B56a localization is altered in AnkB +/2 myocytes. 21 Abnormal B56a distribution may modify the PP2A activity and, since PP2A is associated with RyR, may alter RyR phosphorylation. However, we found that the phosphatase activity of PP2A was similar in hearts from AnkB +/2 and WT mice ( Figure 4A ; P ¼ 0.14). Moreover, the activity of protein phosphatase 1 (PP1), the other phosphatase associated with RyR, was also unaffected in AnkB +/2 hearts ( Figure 4A ; P ¼ 0.72). While we cannot exclude the possibility that 'local' activities of PP1 or PP2A are altered, these results indicate that the increased CaMKII-dependent phosphorylation of RyRs in AnkB +/2 hearts is not caused by decreased 'global' phosphatase activity. Therefore, we next tested whether the CaMKII activity is increased in AnkB-deficient hearts. Activation of CaMKII is initiated by the binding of Ca 2+ /calmodulin, which disrupts the association between the catalytic and regulatory domains of the kinase and exposes the catalytic domain for substrate binding. This conformational change also facilitates post-translational modifications of CaMKII, particularly autophosphorylation at the T287 site and oxidation at M281/M282, that result in autonomous activation of the kinase. 22 We found significantly increased CaMKII phosphorylation at T287 in hearts from AnkB +/2 mice ( Figure 4B ; P ¼ 0.017), while
CaMKII oxidation was similar in AnkB +/2 and WT hearts ( Figure 4C ; P ¼ 1.0). Thus, CaMKII is activated in AnkB +/2 hearts vs. the WT.
To determine whether this increase in CaMKII function is a global effect, we assessed the phosphorylation status of two other well-known CaMKII targets: phospholamban (PLB, at Thr17) and HDAC4 (at Ser632). In contrast to RyRs, the CaMKII-dependent phosphorylation of PLB and HDAC was not significantly enhanced in AnkB +/2 hearts (Figure 4D and E; P ¼ 0.32 and 0.26 for PLB and HDAC4, respectively). This result raises the possibility that CaMKII is activated only locally, near RyR, and not within the entire myocyte. Indeed, RyRs are localized mainly in the junctional SR membrane, where the SR comes in very close proximity to sarcolemma, 23 -25 whereas PLB and HDAC4 are located away from the junctions. Figure 5A ). This hypothesis is supported by prior studies demonstrating that NCX inhibition results in increased Ca 2+ spark frequency without significant changes in the SR Ca 2+ content.
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Figure 4 CaMKII activity is increased but CaMKII-mediated phosphorylation of phospholamban and HDAC4 is not modified in AnkB vs. WT hearts. n ¼ 5 hearts/group, and immunoblots repeated four times. (D) PLB phosphorylated at Thr17 vs. total PLB in hearts from WT and AnkB +/2 mice. n ¼ 5 hearts/group, and immunoblots were repeated six times. (E) Ratio of phosphorylated-to-total HDAC4 in AnkB +/2 and WT hearts.
n ¼ 5 hearts/group. Experiments were performed in triplicate. Student's t-test was used for statistical analysis. *P , 0.5. and WT myocytes (85 + 6 vs. 87 + 5 nM, measured by us 15 ), at the F 0 steady state, the sensor detects the same Ca 2+ concentration in WT and AnkB-deficient myocytes. Therefore, the F 0 state was used to normalize the GCaMP-FKBP12.6 fluorescence intensity in different cells ( Figure 5B ). The decrease in GCaMP2.2-FKBP12.6 fluorescence induced by inhibition of Ca 2+ fluxes into the cleft was significantly greater in myocytes from AnkB +/2 mice compared with the WT ( Figure 5C ; 
Supplementary material
Supplementary material is available at Cardiovascular Research online.
